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We report on the vigorous supernova explosion of a 13 M
star, obtained in a general relativistic spherically symmetric
simulation based on Boltzmann neutrino transport. Contrary
to the prevailing opinion, the shock revival is more ecient
than in the corresponding Newtonian simulation, producing
an explosion energy of 1051 erg (1 foe) at 187 ms after bounce.
I. BACK TO THE FUTURE?
In the pioneering days of supernova simulations (Col-
gate and White [1], May and White [2]) the consideration
of general relativity (GR) was standard. The observable
event of a stellar core collapse followed by a supernova
explosion was an ideal application for the newly derived
Einstein equations in spherical symmetry (Misner and
Sharp [3]). Lindquist [4] formulated the GR Boltzmann
equation, and Wilson [5] carried out simulations based
on GR Boltzmann neutrino transport with parametrized
neutrino interactions. This early epoch laid the founda-
tion for our understanding of the supernova mechanism:
A collapsing stellar iron core bounces at nuclear densities
and launches a shock wave outwards through the infalling
outer layers. The shock is energized by neutrinos dius-
ing out of the hot proto-neutron star and depositing a
fraction of their energy in the shock dissociated matter
via absorption on the free nucleons.
The early models have been rened in many respects.
The equation of state evolved from simple polytropes to
signicantly more realistic models (Baron et al. [6], Lat-
timer and Swesty [7]). The neutrino opacities were im-
proved (Schinder and Shapiro [8], Bruenn [9], Burrows
and Lattimer [10]), and sophisticated multigroup flux-
limited diusion neutrino transport schemes were devel-
oped (Arnett [11], Bowers and Wilson [12], Bruenn [9],
Myra et al. [13]).
However, improved approximations in the implemen-
tation of neutrino physics seemed to decrease the likeli-
hood of successful explosions in spherical symmetry. The
focus therefore switched on the one hand to the devel-
opment of exact three-flavor Boltzmann neutrino trans-
port (Mezzacappa and Bruenn [14,15]) and on the other
hand to multidimensional phenomena. The controver-
sial [16] inclusion of neutron nger convection into one-
dimensional models produced explosions (Wilson and
Mayle [17]) and established the delayed explosion sce-
nario. Two-dimensional investigations of convection be-
hind the shock and in the proto-neutron star followed
with mixed results (Herant et al. [18], Miller et al. [19],
Herant et al. [20], Burrows et al. [21], Janka and Mu¨ller
[22], Keil et al. [23], Mezzacappa et al. [24]).
In the search for a robust supernova mechanism, at-
tention was directed toward simulations in the nonrel-
ativistic (NR) limit, because explosions in GR seemed
to be less likely in the selective picture that the deeper
shock formation would produce larger dissociation losses
and the neutrino luminosities would suer gravitational
redshift. However, De Nisco et al. [25] and Bruenn et al.
[26] pointed out that GR hydrodynamics produces higher
core neutrino luminosities with harder spectra. This gain
in the neutrino intensity outweighs the detrimental GR
eects in the postbounce evolution of a 13 M progenitor
(Liebendo¨rfer [27]).
Recently, postbounce evolution was reexamined with
Boltzmann neutrino transport apart from invoking mul-
tidimensional eects. These simulations led to an ex-
plosion of a 13 M progenitor (Liebendo¨rfer [27], Mez-
zacappa et al. [28]) and to an enhanced shock radius
in the failed explosion of a 15 M progenitor (Rampp
[29], Rampp and Janka [30]). It is the purpose of this
Letter to report that the increased neutrino luminosities
obtained with GR hydrodynamics, together with the im-
proved heating eciency due to accurate Boltzmann neu-
trino transport, lead to a powerful supernova explosion
in spherical symmetry.
II. GENERAL RELATIVISTIC RADIATION
HYDRODYNAMICS
We model the spherically symmetric core collapse,
bounce, and postbounce evolution of a 13 M star,
beginning with the precollapse model of Nomoto and
Hashimoto [31]. We use the Lattimer-Swesty equation
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FIG. 1. Plotted versus time is the energy of the
matter between the neutrinospheres (energy- and elec-
tron-flavor-averaged) and the outer boundary of the compu-
tational grid. This energy is well dened prior to and after
explosion, and provides a measure of marginality in the case of
a failed explosion. Also shown is the drift in the total energy
as given by Eq. (1).
of state [7]. Simplied silicon burning is included as de-
scribed in Ref. [28]. The simulations were carried out
with a new general relativistic neutrino radiation hydro-
dynamics code, AGILE-BOLTZTRAN.
AGILE is an implicit GR hydrodynamics code using an
adaptive grid technique to conservatively implement shift
vectors in spherical symmetry [32,27]. BOLTZTRAN is
an implicit three-flavor multigroup Boltzmann neutrino
transport solver [14,33] that was consistently coupled to
AGILE, enabled for adaptive gridding, and extended to
GR flows [27]. We chose the same discretization in space
and neutrino-momentum phase space as in the NR case
[28]. The comments on numerical convergence given in
Ref. [28] apply as well to the present GR simulation.
We emphasize at this point that the energy evolution




















4piR2eΦUp + 4piR2eΦn (UK + ΓH)
]
= 0. (1)
The variables are dened as in Ref. [4] with the excep-
tion that J , H , and K represent the zeroth, rst, and
second angular moments of the specific radiation energy.
The integration of Eq. (1) over the total rest mass in
the computational domain provides a check on the con-
servation of total energy, which can easily be monitored
as shown in Figure 1.
III. THE E´LAN IN THE EXPLOSION OF A 13 M
STAR
In the present simulation, the shock forms at an en-
closed mass of 0.51 M, i.e., 0.13 M deeper than in
the NR simulation. The shock has to deliver an addi-
tional dissociation energy 2 foe (1 foe = 1051 erg) while
ploughing through this matter. However, the energy and
lepton release in the neutrino burst (as the shock crosses
the neutrinospheres) completely drains the shock in both
the GR and NR simulations, ruling out a \prompt" hy-
drodynamic explosion in either case. Moreover, the dif-
ferent amounts of undissociated matter inside the shock
in the GR and NR simulations influence the energy bud-
get only for a limited time because they either make the
transition to bulk nuclear matter or are dissociated due to
compressional heating in the compactifying core. Thus,
at about 30 ms after bounce, we are left with almost
identical states in the GR and NR simulations, with an
accretion shock at the edge of the original iron core at
a radius  120 km. The only marked dierence is the
hotter core temperature in the GR case.
The ensuing evolution is driven by neutrino heating.
The heating rate essentially depends on the intensity of
the neutrino source, the transport from the source to the
heating region (subject to redshift), and the absorption
eciency. We distinguish these primary driving forces
from secondary contributors, which themselves depend
on the postbounce evolution. For example, the accretion-
induced neutrino luminosities, the infall velocity in the
heating region, and the motion of the neutrinospheres
are subject to a self-regulatory feedback in the spirit of
Burrows and Goshy [34].
Focusing on the driving forces: (i) The more compact
core in the GR simulation has a higher binding energy,
which leads to larger core internal energies and tempera-
tures. This in turn leads to higher core luminosities in all
neutrino flavors (Bruenn et al. [26]). (ii) The solution of
the exact Boltzmann equation for the neutrino transport
reproduces accurately the isotropy of the neutrino radia-
tion eld. An increased isotropy in the semi-transparent
regime keeps the outstreaming neutrinos longer in the
heating region and therefore increases the absorption ef-
ciency with respect to the multigroup flux-limited dif-
fusion approximation (Messer et al. [35], Yamada et al.
[36]). (iii) The neutrinos in curved spacetime propagate
on trajectories with nearly constant ε = (Γ + Uµ)E and
b = R
√
1− µ2/(Γ + Uµ), where µ and E are the neu-
trino propagation-angle cosine and energy measured by
comoving observers. These GR corrections for redshift
and curvature between the neutrinospheres and the heat-
ing region do not exceed 3% during the onset of the ex-
plosion and increase only later, when the neutrinospheres
have receded to smaller radii.
In Figure 2, we plot the electron-flavor neutrino lu-
minosities and rms energies in the heating region at a
radius of 100 km as a function of time. We have also
included the corresponding quantities from the NR sim-
ulation for comparison. We nd an increase in the rms
energies 10% and an increase in the luminosities  30%
in the initial heating phase. The luminosity increase is
greater for the electron antineutrinos. Although the cool-
ing is also increased in the GR simulation, the substan-
2



































FIG. 2. Neutrino luminosities and rms energies versus time
at a radius of 100 km for the GR and NR simulations. The
labels are: (a) GR neutrino, (b) GR antineutrino, (c) NR
neutrino, and (d) NR antineutrino.
tially larger heating dominates.
Figure 3 shows the mass density, entropy per baryon,
electron fraction, and velocity as a function of radius for
various time slices in our simulation. In comparison with
the NR simulation, we nd a much faster initial increase
in the entropy and electron fraction, indicating more e-
cient heating. However, the earlier onset of an explosion
prevents the entropies and electron fractions from reach-
ing the high levels observed in the weaker explosion of
the NR simulation. The simulation was stopped at 187
ms after bounce when the explosion energy (as dened
in Ref. [28]) reached 1 foe. At this time, the explosion
energy is rising at the rate of 0.04 foe/10 ms.
IV. CONCLUSION AND OUTLOOK
We have simulated the spherically symmetric, general
relativistic core collapse, bounce, and supernova explo-
sion of a 13 M progenitor. The confluence of (i) the
GR core hydrodynamic structure acting as a more intense
neutrino source and (ii) the increased heating eciency
obtained from accurate three-flavor Boltzmann neutrino
transport leads to an energetic supernova explosion with
an explosion energy exceeding 1 foe. In contrast to the
two-shock explosion scenario in our NR simulation [28],
the radius-versus-time trajectories of equal mass shells in
Figure 4 exhibit a one-shock scenario. The revival of the
accretion shock by the expansion of the neutrino heated
matter in region C is best seen by the reappearance of
positive postshock velocities in Figure 3d. The masscut
is in the iron core at 1.15 M.
It is tempting to speculate that the increase of more




















































































FIG. 3. Baryon density, entropy per baryon, electron frac-
tion, and velocity proles at select times during the GR sim-
ulation.
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FIG. 4. Radial trajectories of equal mass shells (0.01 M)
in the iron core and silicon layer. We trace the shock, nuclear
burning, and dissociation fronts, which carve out four regions
in the (r, t) plane. A: Silicon. B: Iron produced by infall com-
pression and heating. C: Free nucleons and alpha particles.
D: Iron and alpha particles produced by shock compression
and heating. At three select times, the gain radii (circles) and
radii of peak neutrino heating (triangles) are shown.
than 0.6 foe in explosion energy between the NR and the
GR simulation would carry over to and be sucient to
successfully explode larger cores. It, however, remains
to be investigated if the dierence in explosion energy
is not mainly due to the qualitatively dierent explosion
scenarios, the intrinsically more energetic one-shock sce-
nario being selected by the benecial GR eects we have
discussed. We are in the process of carrying out simula-
tions with other progenitor models.
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